Abstract. The role of clouds in recent Arctic warming is not fully understood, including their effects on the shortwave radiation and the surface energy budget. To investigate relevant small-scale processes in detail, an intensive field campaign was conducted during early summer in the central Arctic during the Physical feedbacks of Arctic planetary boundary layer, Sea ice, Cloud and AerosoL (PASCAL) drifting ice floe station. During this campaign, the small-scale spatiotemporal variability of global irradiance was observed for the first time on an ice floe with a dense network of autonomous pyranometers. 15 stations were 5 deployed covering an area of 0.83 km x 1.3 km from June 4-16, 2017. This unique, open-access dataset is described here, and an analysis of the spatiotemporal variability deduced from this dataset is presented for different synoptic conditions. Based on additional observations, 5 typical sky conditions were identified and used to determine the values of the mean and variance of atmospheric global transmittance for these conditions. Overcast conditions were observed 39.6 % of the time predominantly during the first week, with an overall mean transmittance of 0.47. The second-most frequent conditions corresponded to multi-10 layer clouds (32.4 %) which prevailed in particular during the second week, with a mean transmittance of 0.43. Broken clouds had a mean transmittance of 0.61 and a frequency of occurrence of 22.1 %. Finally, the least frequent sky conditions were thin clouds and cloudless conditions, which both had a mean transmittance of 0.76, and occurrence frequencies of 3.5 % and 2.4 %, respectively. For overcast conditions, lower global irradiance was observed for stations closer to the ice edge, likely attributable to the low surface albedo of dark open water, and a resulting reduction of multiple reflections between the surface 15 and cloud base. Using a wavelet-based multi-resolution analysis, power spectra of the time-series of atmospheric transmittance were compared for single-station and spatially averaged observations, and for different sky conditions. It is shown that both the absolute magnitude and the scale-dependence of variability contains characteristic features for the different sky conditions.
coefficients were determined to minimize the difference between the network stations and the Kipp & Zonen pyranometer. The updated calibration coefficients are given in Table 2 . The mean of the original calibration coefficients was 7.38 µV W −1 m while the updated calibration coefficients had a mean value of 7.19 µV W −1 m 2 . This suggests that on average, the sensitivity of the instruments decreased slightly by 2.5 % over time. By updating the calibration, the root mean square error (RMSE) between the pyranometer stations and the reference pyranometer was reduced from 15. 
Quality assurance
The cleanliness of the sensor's glass dome, and the horizontal alignment of the sensor leveling plate are important factors to guarantee the accuracy of the global horizontal irradiance (GHI) observations. In order to assure the quality of the dataset, the stations were checked daily recording the status of the leveling and cleanliness. Figure 2 shows the general status of the 10 stations. Every station is shown on the Y-axis, while the date is given on the X-axis. Each square is divided in two triangles, the upper one representing the leveling status of the station, and the lower one the cleanliness status. The green color shows a well-leveled and clean station, yellow is used for a partially leveled station or a dome with liquid droplets, and red is used for completely unleveled stations and an iced dome.
Complete misalignment was found to occur when the base of rod was no longer properly supported by the snow due to 15 melting, leading to a tilt of the sensor and systematic errors in particular for direct sunlight. Icing of the radiation sensor dome occurred when moist air masses with supercooled water droplets were present, which froze upon impact with the dome (Van den Broeke et al., 2004) . This condition will generally lead to an underestimation of GHI. Our following results do not make use of observations with iced domes or completely unleveled stations (red flags).
It is nevertheless possible that the domes were contaminated by droplets or ice before or after the daily quality assurance 20 checks. However when significant fluctuations of atmospheric global transmittance (ATg) occurred, these were verified with observation by the all-sky camera operated on Polarstern. Such moments are discussed in the following sections.
Data processing
The raw data were stored by the stations in ASCII files in counts of 10 bits on an SD card. The records were subsequently converted to GHI (W/m 2 ), air temperature (Ta in K) and relative humidity (RH in %) using the equations given in Madhavan et 25 al. (2016) . The values of GHI, Ta and RH were averaged to 1Hz sampling frequency according to the GPS time reference. The dataset was processed into NetCDF files following the latest 1. Liou, 2002) .
At the top of atmosphere (TOA) ATg is 1, whereas at the bottom of the atmosphere (BOA) the value is reduced due to absorption and scattering within the atmosphere. At the BOA the highest values are generally observed for cloudless conditions, while clouds generally cause a reduction of ATg. Under certain situation however, the presence of broken clouds can amplify ATg to reach values larger than 1 due to multiple scattering. Such enhancements can excceed 400 W/m 2 and persist up to 20 seconds (Schade et al, 2007) . and Flores, 2018) , these were used in addition to identify the presence of multi-layer clouds, a separation which has not been 20 considered in previous studies (Madhavan et al., 2016 (Madhavan et al., , 2017 Lohmann, 2016; Lohmann and Monahan, 2018) . Cirrus clouds and low, geometrically thin stratus clouds were also observed, and have been considered together as thin clouds due to their low occurence frequency to study their effects on ATg.
The final classification was made considering the daily quicklooks of the range-corrected signal at 532 and 1064 nm wavelength from the lidar, daily plots of the radar reflectivity, and images from the all-sky camera. Whenever the lidar signal was 25 attenuated, the information of the cloud radar was used to identify the presence of single or multiple layers of clouds. For apparently clear-sky moments as identified by the lidar and radar quicklooks, images from the sky camera were used to confirm the absence of clouds, or to identify thin cloud layers or broken cloud situations. In this study, conditions were only considered to be cloudless when the images from the all-sky camera did not show any clouds within its fisheye field-of-view. The transition from one type of sky condition to another was only recorded when this class lasted for longer than 15 minutes. Cases, when the 30 change was observed for less than 15 minutes were assumed to belong to the previous sky condition. Thin clouds were defined as clouds with a height difference between the cloud base and top of below 450 m. The result of this classification is shown by the color coding in Figure 4 , and examples for each condition are shown by all-sky camera images for each case study.
In this section, results obtained from an analysis of the pyranometer network observations are presented. First, the synoptic conditions during the ice floe camp are described, and related to the observations of atmospheric transmittance under specific sky conditions. Case studies pertaining to each of the used sky conditions are presented next. Finally, the difference in power spectra for these sky conditions obtained from a wavelet-based multiresolution analysis of atmospheric transmittance are ftp://ftp.cpc.ncep.noaa.gov/cwlinks/). To determine the loadings, the current height anomaly from the monthly average field is projected onto the pattern of the leading EOF mode, which has been determined from monthly averages obtained from the NCEP/NCAR reanalysis for the period 1970-2000.
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A positive AO index generally corresponds to strong westerly winds in the upper atmosphere, lower than usual atmospheric pressures and temperatures in the Arctic, and an opposite effect on pressure and temperature mid-latitudes. On the other hand, a negative AO index leads to weaker upper-level winds, higher atmospheric pressure and warmer temperatures in the Arctic, and contrary effects and an increase of storms in the mid-latitudes (Thomson and Wallace, 1998).
A classification is presented considering the near-surface air temperature and contrasting it to the AO index ( Fig.3a and 3b ).
30
One can distinguish two main periods. First, from June 4-9, 2017, a cold period was observed with relatively low near-surface air temperatures (mean 269.7 K). The negative AO index suggests a reduction in the difference of surface pressure between the Arctic and northern middle latitudes, resulting in a larger polar low pressure system and warmer-than-usual temperatures (Talley et al., 2011) . From June 10-16, 2017, a warm period can be identified due to an increase in temperature (mean 272.32 K). The temperature reaches two maxima on June 10 and 13. A positive AO index is generally associated with colder-thanusual temperatures, stronger westerly winds in the upper atmosphere, and a more cyclonic circulation that can influence sea ice motion (Rigor et al., 2002) . Even though the near-surface temperature shows the two periods mentioned, the AO index suggests that the cold period occurred in conditions warmer than average and the warm period in conditions colder than the About 97.2 % of the time, cloudy skies were observed during the ice floe camp. Low-level clouds with cloud tops no higher than 2.6 km and a mean cloud base of 220 m above the surface were observed. During the cold period, mostly overcast conditions with single layer clouds were present, whereas multi-layer and broken clouds dominated the second period (Fig. 4) .
During the first and the second period, mean wind speeds of 4.77 and 5.32 m/s, respectively, were observed (Fig. 3e) . Four 20 maxima in wind speed were observed during the ice floe camp, on June 4 with southerly winds, on June 7 with northerly and easterly winds, on June 11 with southerly winds, and on June 14 with northerly winds (Fig. 3d and e) .
Meteorological classification of global transmittance
Using the methodology introduced in Section 2.1.4, Figure 4a shows the time series of the ATg for the whole period of the ice floe, and considering all operational pyranometers. Figure 4b shows the time series of the inter-station standard deviation (SD),
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and Figure 5 presents the histograms for each of the sky conditions.
As can be seen in Figure 4 , about 40 % of the time, overcast conditions dominated the ice floe camp, occurring mainly during the cold period. This sky condition resulted in ATg values generally lower than 0.7, with a mean value of 0.46 ( Fig. 5 and Table 3 ). The monomodal distribution of ATg was mainly characterized by stratus clouds, however, during June 9 and 11, the presence of stratus nebulosus clouds was observed due to the formation of rain or drizzle as visible from the all-sky camera.
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Multi-layer clouds, mainly consisting of double layers (Fig. 3d, Fig. 4a ), occurred about 30 % of the time. They again caused a monomodal distribution of ATg, with a mean value of 0.43 ( Fig. 5 and Table 3 ). This sky condition was more frequently observed during the warm period. The time-height cross section of the radar reflectivity revealed complex structures of three layers of clouds on June 13 and 14, and two layers reaching up to 9 km height observed on June 15. On June 9 from 9:50Z to period. Variability in the observed global transmittance is mainly noticed for stations 39 and 42, with a standard deviation of 0.0090 and 0.0092, respectively. It is likely that this variability can be attributed to undetected deficiencies such as an unleveled instrument due to melting.
Overcast case -June 6, 2017
The overcast case selected occurred on June 6 between 00:00Z and 23:59Z. During this day, the boundary layer increased in (Fig. 7e) . This small variance is most likely attributed to a more snowy surrounded area, whereas pyranometers 37, 34, 40, 39, 42, 43 and 44 were closer to the ice edge (Fig.1b) . Snow-covered surfaces reflect more SW radiation to the atmosphere than 15 darker surfaces such as the open ocean. Once this reflected energy reaches a cloud, a part of it is reflected back to the surface increasing the total amount of downward SW radiation. Thus, for homogeneous single-layer clouds, the stations closer to the ice edge show lower variation because more energy is absorbed by the darker surface.
In addition, Figure 8 The mean ambient temperature during this period was 273.9 K with a SD of 0.35 K. During this condition the cloud-base height was at 450m, the temperature increased steadily from 273.15 to 274.11 K. The winds came mainly from the south, conditions and frequency ranges, which suggests that the WSD is sensitive to structural differences of the clouds. As noted already by Madhavan et al. (2017) , variability is significantly reduced when considering the spatially averaged atmospheric transmittance, irrespective of the considered cloud type. Broken clouds exhibit the largest variability, while the multi-layer cloud situations show the smallest variability across all time scales.
In Figure 15 , the WSD for two different periods classified as broken clouds are compared. As noted before, on June 7, 5 stratus fractus were observed, with stronger winds likely responsible for stronger fluctuations and longer periods of cloudfree sky, while the broken clouds observed on June 8, corresponding to a mixture of cumulus fractus, stratus fractus and stratocumulus, introduced less fluctuations in ATg. The lower variability can already be seen in Figure 4b . It is noteworthy that spatial averaging has a much stronger effect on the magnitude of variability for the June 8 case, which indicates that the relevant variations in cloud properties occurred on length scales smaller than the extent of the pyranometer network, while 4 Discussion, conclusion and outlook
Over the past years, the Arctic has been experiencing an unprecedented increase in surface temperature and an associated 20 decrease in sea ice extent, exceeding model-based climate projections by far. Scientific efforts to identify and understand the mechanisms that contribute most to this Arctic warming are still ongoing. After the two extreme events with very low sea ice in 2007 and 2012, the debate to explain these events was principally divided into two sides. Several studies suggest that meridional heat transport is a main contributor to the Arctic warming (Nussbaumer et al., 2012; Graversen et al., 2011) . On the other hand, several studies propose that anomalies in the shortwave radiation budget and clouds contribute to sea ice loss 25 during summer (Kay et al., 2008; Pinker et al., 2014) .
As one specifc aspect of shortwave radiation budget, the present study focuses on the analysis of the spatiotemporal variability of the shortwave irradiance at the surface as it is introduced by clouds. To support our analysis, the characterization of synoptic conditions given by Knudsen et al. (2018) is used as basis. Focusing on the near surface air temperature, we identified a cold period from June 4-9, 2017, and a warm period from June 10-16, 2017. Although the classification labels the first period 30 as cold, the AO index indicates that atmospheric conditions were warmer than average. In contrast, atmospheric circulation over the Arctic for the warm period featured stronger westerlies at subpolar latitudes and lower sea level pressure over the Arctic (Thomson and Wallace, 1998; Rigor et al., 2002) .
During the cold period, overcast conditions with single layer clouds prevailed, with air masses coming mainly from the East and South. The mean ATg during overcast conditions was relatively low (0.48). The warm period was mainly dominated by multi-layer clouds, with a mean ATg of 0.41, and with winds mainly coming from west and north. The distribution and temporal variability of ATg for overcast and multi-layer clouds were found to be similar. However, the distinction is important since overcast conditions represent more clearly the diurnal cycle and the spatial distribution of the stations showing a specific 5 pattern. Broken clouds were observed during both periods and for wind speeds higher than 4 m/s, and air masses coming from the north and east for the cold period, and from the west during the warm period. The mean ATg for broken clouds observed was 0.61, and showed the highest temporal variability.
Wavelet-based power spectra showed pronounced differences for different sky conditions, with highest variances for low broken clouds. Considering two different periods of broken clouds, different scaling properties were observed, likely reflecting 10 different typical scales of cloud structures. The variances observed during broken cloud conditions however seem to be smaller than the ones reported during a field campaign in Germany in 2013 by Madhavan et al. (2017) , likely due to less convective cloud development taking place in the Arctic. Additionally, we studied the differences between broken cloud conditions. The mixture of stratus fractus, cumulus fractus, and stratiformis clouds marked a higher variability computed with the WSD than just stratus fractus cases that were more recurrent during the ice floe camp. This difference is relevant to better characterize the 15 variability of shortwave radiation and link it to cloud structure for example in radiative closure studies considering 3D radiative effects (Rozwadowska and Cahalan, 2002) .
For single layer clouds the location of stations showed a pattern making a division between the stations near the ship (ice floe-edge) and the ones located farther. This behavior suggests that highly reflective surfaces enhance the spatial variability for the cases studied. It should be noted that this pattern is based on the limited dataset of 2 weeks and a more solid conclusion 20 should be made after analyzing a larger period of time.
Although a comparison of ATg including its spatio-temporal variability was made for different sky conditions, its relevance for the shortwave radiation budget and the Arctic climate system cannot be assessed based on the present, rather short time series of observations. Specific and relevant analysis of the snow metamorphism is still needed in order to understand thermal diffusivity and consequently the effect on ice thickness evolution (Saloranta, 2000) . Transmission and absorption of shortwave 25 radiation by Arctic surface are equally important, not only to study sea ice sea alteration (Light et al., 2008; Nicolaus et al., 2012) , but also to better understand the direct influence on bio-geochemical processes that depend on sub-ice light conditions (Slagstad et al., 2011) .
The pyranometer network offers valuable information on the variability of the shortwave irradiance at the surface on small scales, making it possible to better characterize temporal and spatial fluctuations than from single station measurements. In the 30 future, we plan to use this dataset as a reference for comparison with radiative tranfer simulations using a 3-D Monte Carlo radiative transfer model using large eddy simulations as input, which are also being conducted within the scope of the (AC) 3
project. This will allow to investigate and better understand the link between cloud spatial structure and the resulting variability in the shortwave radiation field. Future work also aims to investigate radiative closure studies and cloud radiative effects based on the ground-base remote sensing observations conducted aboard Polarstern using a 1-D radiative model. 
